Metamaterial perfect absorbers have garnered significant interest with applications in sensing, imaging, and energy harnessing. Of particular interest are terahertz absorbers to overcome the weak terahertz response of natural materials. Here, we propose lossy plasmonic resonance in silicon-based annular microcavities for perfect terahertz absorption. This mechanism is in stark contrast to earlier demonstrations of conventional terahertz perfect absorbers that invoke Lorentzian electric and magnetic resonances. A fundamental cavity mode coupled to coaxial surface plasmon polaritons is responsible for the predicted exceptional absorption of −58 dB with a 90% absorption bandwidth of 30%. The performance is in agreement with experimental validation and consistent with critical coupling and resonance conditions. This specific cavity design possesses great thermal isolation and minimal electromagnetic coupling between unit cells. These unique features exclusive to the plasmonic cavity introduce a promising avenue for terahertz imaging with enhanced contrast, resolution, and sensitivity.
R esearch on perfect absorption has recently become a very active topic in the rapidly growing field of metamaterials. Providing enhanced performance and flexibility, perfect absorbers have been realized in different applications, including imaging, sensing, and energy harnessing. Soon after the seminal development by Padilla and co-workers, 1,2 metamaterial-based perfect absorbers have been demonstrated across the spectrum, from the microwave, to terahertz, infrared, and optical bands. 3 In general, these traditional perfect absorbers appeared in the form of metallic resonators on a ground plane, designed to eliminate the reflection and enhance the absorption. The perfect absorption mechanism was explained with the coexistence of Lorentzian electric and magnetic responses that match the impedance of the structure to free space and at the same time imposing large energy dissipation on resonance. Another explanation involved wave interference theory where multipath reflections originating from different interfaces lead to completely destructive interference in the direction of reflection. 4 Alternatively, perfect absorption was interpreted as nullified reflection by an out-of-phase wave reradiated from induced electric and magnetic surface currents. 5 Of relevance to this article are perfect absorbers at infrared and visible frequencies, where metals with relatively limited conductivity can support bound surface waves or surface plasmon polaritons (SPPs). Earlier implementations of plasmonic absorbers in the near-infrared 6, 7 and visible 8, 9 regimes adopted the conventional design of a metallic dipole array on a ground plane separated by a dielectric spacer. This concept was extended to random nanoparticles on a ground plane that exhibit electric and magnetic resonances for visible light absorption. 5, 10 Unlike perfect absorbers at lower frequencies, where loss occurs mainly inside the dielectric spacer, energy dissipation in these plasmonic absorbers takes place in the lossy metallic components. Other realizations were based on a solid metal sheet with periodic textures, including nanovoids 11, 12 and nanogrooves. 13−15 Depending on the geometries and dimensions, these textured metallic surfaces can exhibit perfect absorption via either localized surface plasmon resonances inside cavities or delocalized in-plane SPP coupling.
At terahertz frequencies, various types of plasmonic resonators, including dipoles, bowties, and coupled disks, constructed from doped semiconductors have been demonstrated for localized surface plasmon resonances. 16−19 Nonetheless their absorption performance has never been explored in this frequency range. In this article, a terahertz perfect absorber based on plasmonic resonance is proposed. The design is inspired by our earlier demonstration of complementary plasmonic resonators in the form of annular cavities etched into the surface of a doped silicon wafer. 20 These resonant cavities exhibit relatively strong nonradiative damping, essential for efficient energy trapping. With dimensions satisfying the critical coupling condition, the cavity array can absorb nearly 100% of incident terahertz energy at resonance. This article discusses the mechanism of plasmonic resonances in microcavities, approaches for fabrication and measurement for experimental validation, and observable electromagnetic and thermal responses. Importantly, the conditions of resonance and critical coupling are analyzed theoretically in relation to a coaxial plasmonic mode. Figure 1 depicts a single annular cavity, etched straight down into the surface of a semiconductor wafer. The unit cell size is on the order of the operating wavelength, the cavity depth is about a quarter wavelength, and the annular gap is on the subwavelength scale. The supporting semiconductor is moderately doped with its plasma frequency in the terahertz regime. Linearly polarized terahertz waves incident normally to the surface are diffracted by the subwavelength annular gap. This diffraction results in phase matching to SPPs that can be sustained along the cavity sidewalls. Since the sidewall separation is less than the decay length of the normal electric field component, the confined SPPs form a coupled mode that is controlled by the gap size. Effectively, the excited SPPs establish the first-order coaxial SPP mode, as indicated by the red arrow in Figure 1a . This mode is a plasmonic counterpart of the TE 11 mode in perfect-electric-conductor (PEC) coaxial waveguides. The excited SPPs propagate back and forth along the cavity axis. A resonance resulting from a standing wave can be observed in the reflection spectrum and can be tuned via the cavity depth and the gap size. Owing to the truly localized mode, electromagnetic coupling between adjacent cavities is minimal. It is worth noting that the resonance mechanism is related to different gap plasmon modes observed in textured metal surfaces at the infrared and visible regimes. 12, 13 ■ RESULTS AND DISCUSSION This section discusses numerical and experimental results and elucidates the cavity absorption performance in terms of electromagnetic functionality and corresponding thermal behavior.
■ RESONANCE MECHANISM
Electromagnetic Behavior. Figure 2a shows the reflection amplitude response of the fabricated cavity array at a normal angle of incidence. The measurement and simulation are in general agreement with small discrepancies associated with fabrication tolerances, optical alignment, and nonplanar wavefront of the incident wave. A strong resonance can be observed at around 1.16 THz with a numerically resolved minimal reflection of −58 dB, compared with a measured reflection of −18 dB at 1.22 THz. The bare silicon wafer shows a baseline reflection profile with monotonically decreasing amplitude toward high frequencies, where the silicon becomes dielectric with a constant reflection amplitude of around 0.55. No terahertz transmission through the cavity sample is detectable within the available system bandwidth and dynamic range. Additional simulation suggests that the sample thickness, t, for the cavity array can be as thin as 80 μm with a transmission level below −25 dB. The simulated and measured absorbance profiles are shown in Figure 2b . At resonance, the simulated and measured absorbance levels are about 100% and 98.5%, respectively. From the simulation, the 90% absorption bandwidth is around 360 GHz, equivalent to 30%, compared with 290 GHz or 24% observed from the measurement. The strong absorption is caused by field interaction and ohmic loss in the doped silicon, in contrast to the dominant dielectric loss in conventional perfect absorbers at terahertz frequencies and below. 3 The absorbance maps in response to oblique incident waves are shown in Figure 3 . It is clear that the absorption performance can be maintained up to an angle of about 35°f or both polarizations. Beyond this angle, the absorption degrades rapidly for the TE polarization, as the TE 11 coaxial mode is weakened. For the TM polarization, the mode and hence the absorption efficiency are reasonably sustained. Other modes are excited in both polarizations at large angles of incidence. The observed absorption performance coincides with that of most conventional perfect absorbers, where the TM excitation preserves a wide range of absorption up to 80°, and the absorptivity for the TE excitation diminishes beyond 40°. 3 In the case of annular cavities, the effect can be described by the balance of the electric field distribution on the left and right sides of the E plane. The imbalanced electric field distribution for the TE-polarized excitation results in weak coupling to the TE 11 mode at oblique incidence angles. The effect can also be explained in terms of equivalent sources on Resonance and Coupling Conditions. In the case of normal incidence, the resonance and coupling conditions can be determined from the dispersion of the first-order coaxial SPP in an equivalent plasmonic coaxial waveguide, as shown in Figure 4 . Due to strong field confinement, the dispersion curve of the plasmonic waveguide, β′, lies to the right of the PEC waveguide dispersion curve. Deduced from β″, a decrease in the propagation length toward higher frequencies is ascribed to increased field confinement, while at low frequencies a reduction in the propagation length is due to increased field penetration into the lossy silicon. For the coaxial cavity, the fundamental cavity mode needs to satisfy the standing-wave condition 2dβ′ = 0.9π, or β′ = 23562 rad/m. 20 It is noted that the 0.9π rad accounts for a reflection phase change at the bottom of the cavity, observed numerically. From Figure 4 , this wavenumber corresponds to the frequency of 1.2 THz, in good agreement with the resonance frequency observed from the experimental and numerical results. It is noted that although the resonance requires a quarter-wavelength cavity depth similar to conventional non-metamaterial absorbers, 3 the physical depth constraint can be relaxed through plasmonic confinement and, if necessary, though a dielectric medium loading into the air gap.
On resonance, if all the incident energy is dissipated inside the resonator, the reflected energy vanishes: the so-called critical coupling effect. For opaque structures, the critical coupling condition can be established as Q leak −1 = Q diss −1 , where the Q factors Q leak and Q diss are related with the leakage (radiation) and dissipation losses, respectively. 22 The leakage Q factor can be defined as Q leak −1 = v g T 1 /(2dω 0 ), where T 1 is the aperture transmittance, ω 0 is the resonance angular frequency, and v g = ∂ω 0 /∂β′ is the group velocity of waves inside the resonator. By assuming T 1 = 1 or the cavity aperture permits 100% transmission, Q leak −1 = 0.26. On the other hand, the inverse dissipation Q factor equals Q diss −1 = ε eff ″ /|ε eff ′ | = 0.3. Although the critical coupling condition is not exactly met, Q leak −1 and Q diss −1 are reasonably close and hence indicate efficient absorption of the plasmonic resonant cavities. The relatively large leakage and dissipation losses are responsible for the low-Q resonance that results in a relatively wide absorption bandwidth of 30%.
Thermal Behavior. Insight into the thermal performance of the plasmonic cavities can be inferred from electromagnetic− thermal cosimulation conducted using CST Microwave Studio 2013. Initially, electromagnetic simulation is used to resolve spatially distributed loss in the cavity at the resonance frequency. This can be computed with the time-domain solver with perfect electric and magnetic boundary conditions as transverse boundaries to simulate an infinite array. A planewave excitation impinges normally to the surface with a power of 10 mW per unit cell. The 3D steady-state loss distribution obtained from the electromagnetic simulation is then fed into the thermal cosimulation module, where the thermal stationary solver is employed to observe the cavity in the equilibrium state. The thermal conductivity of the phosphorus-doped silicon is 149 W/K/m, compared with 0.026 W/K/m for air. 23 Since the cavity array is uniform, symmetric, and excited at normal incidence, there is no heat flow across unit cells and between the two halves of a unit cell. Hence, an adiabatic boundary condition is applied to all transverse boundaries and onto the two symmetry planes. An isothermal boundary condition with a fixed temperature of 300 K is applied to the back silicon surface to imitate a heat sink. An open boundary condition placed at 300 μm away from the cavity surface leaves the cavity exposed to room temperature set to 300 K. Figure 5 shows the steady-state thermal volume loss of the cavity at different frequencies. Clearly, the thermal loss is maximum on resonance at 1.16 THz and becomes weaker off resonance. It can be inferred from Figure 5b that on resonance most of the incident energy gets absorbed in the center pillar due to strong current induction associated with the coaxial SPP mode. Relatively weak thermal loss can be observed along the narrowed cavity edges, bearing high resistance for return current paths. The thermal loss on the bare silicon surface is merely 5.5 × 10 9 W/m 3 , or over an order of magnitude lower than the maximum loss in the cavity, and hence not observable in Figure 5d . Inherent from strong thermal loss, the temperature increase is localized in the pillar, as shown in Figure 1 . The complex wavenumber β = β − jβ″ is associated with the first-order coaxial SPP mode in the plasmonic waveguide. 21 The dispersion for a PEC coaxial waveguide counterpart operating in the TE 11 mode is included for comparison. The vertical line marks the resonance condition for the plasmonic cavity with a depth of 60 μm. The imaginary part of the wavenumber is related to the propagation length via L = (2β″) −1 . The effective complex permittivity is defined as εê ff = (β/k 0 ) 2 . Figure 6a . The maximum temperature reaches 300.64 K and progressively decreases to 300 K toward the back of the substrate, where a heat sink is attached. It is worth noting that this level of temperature change does not significantly affect the carrier concentration 23 and, hence, the resonance and absorption conditions. Since the pillar is surrounded by air with very low thermal conductivity, the heat can barely escape to the side and to adjacent unit cells, even in the case of a nonuniform excitation. Hence, heat accumulated in the pillar mainly flows toward the back in the silicon, as indicated by the heat-flow density in Figure 6b . The particularly high thermal conductivity of silicon benefits the thermal response time, defined as τ = C/Λ, where C is the heat capacity and Λ is the thermal conductance. 24 The response time can be reduced further by thinning the substrate to reduce the thermal mass and hence the heat capacity, yet maintaining the absorption performance.
■ CONCLUSION
In this article, nearly perfect absorption at terahertz frequencies has been demonstrated with plasmonic microcavities made of moderately doped silicon. The mechanisms underlying absorption are the first-order coaxial SPPs and fundamental standing waves developed inside the cavities. With the critical coupling satisfied, the incident wave energy is mostly converted into heat with theoretical absorption loss of 58 dB. By leveraging large leakage and dissipation damping, a 90% absorption bandwidth of 30% can be achieved with a single resonance. On resonance, thermal loss takes place mainly inside the pillar, giving rise to a local temperature increase therein. The high thermal conductivity of silicon leads to a short thermal response time of the structure. Since the resonance frequency can be controlled via carrier concentration, the structure is ready for dynamic operation via carrier injection. 25 The fabrication is relatively inexpensive with silicon as the only bulk raw material and no multilayer processing. The absorber is suitable for emerging terahertz communications to suppress undesirable multipath effects.
As a further application, this plasmonic cavity design can operate as an integrated detector for active uncooled microbolometers. It is worth mentioning existing microbolometers employing metamaterial absorbers in the terahertz 26 and mid-infrared ranges 24, 27 ; here, power-dependent temperature or resistance change in the absorbers can be read out via thermocouples, electrodes, or MEM devices. Likewise, for our plasmonic cavity, either of these devices can be integrated onto the pillar to sense a change in temperature or resistance. Importantly, this plasmonic absorber design possesses the unique features of large electromagnetic and thermal isolation between adjacent unit cells. These features, together with nearly 100% absorption, potentially lead to an array of pixels with high resolution, high contrast, and high sensitivity for terahertz imaging. Since the intercell coupling is minimal, the pixel density can be spatially adapted with no degradation in the local absorption performance. The frequency selectivity can be further enhanced due to specific temperature increase inside the pillar on resonance. The method can potentially fill the gap of far-infrared detectors around 10− 30 THz.
■ METHODS
In order to demonstrate the concept of plasmonic cavity absorber, microcavities are defined in moderately doped silicon by conventional microfabrication techniques combined with deep reactive ion etching (DRIE). Silicon substrates are of 270 μm thickness, 2 in. diameter, and (100) crystalline orientation. They are doped with phosphorus (n-type) with a resulting dc resistivity of 0.02−0.05 Ω·cm, which corresponds to a carrier concentration of ∼2 × 10 17 cm −3 and an electron mobility of 603 cm 2 /(V·s) at room temperature. The substrates are patterned with photoresist to define the annular structures covering an area of 36 × 36 mm 2 with cavity dimensions given in Figure 1 . The samples are then etched using a Bosch DRIE process in a SF 6 (etchant) and C 4 F 8 (passivation) fluorinebased chemistry to a depth of 60 at 2.5 μm/min in the regions not protected by photoresist. The photoresist is removed by rinsing in acetone and isopropyl alcohol, resulting in the plasmonic absorber samples, as shown in Figure 7 .
The plasmonic absorber sample is measured with a reflection-mode terahertz time-domain spectrometer (THz-TDS) at room temperature in a nitrogen atmosphere. 28 A Ti:sapphire ultrafast laser is used as the pump source for the system, with a center wavelength of 800 nm, a repetition rate of 80 MHz, and a pulse width of less than 100 fs. Both the emitter and detector are low-temperature-grown GaAs-based photoconductive antennas. The emitter is a Gigaoptics Tera-SED large-area interdigitated array biased with a ±10 V square-wave operating at a chopping frequency of 10 kHz, while the detector is a Menlo Systems TERA8-1 H-dipole, with a Tydex 10 mm diameter hyper-hemispherical high-resistivity silicon lens. A lock-in amplifier connected to a computer is then used to acquire the modulated signal. The system bandwidth is around 2.0 THz, with a maximum dynamic range of 600. The terahertz beam is focused down onto the sample surface at normal incidence with two off-axis parabolic mirrors, and then the reflected beam is directed into the detector via a beamsplitter and another off-axis parabolic mirror. The reflection spectrum is normalized to the reference taken from a gold mirror. To ensure the phase consistency, a motorized linear stage is used to swap between the sample and gold mirror with an accuracy of 1 μm in the propagation direction. Figure 1 
